New reaction conditions for the direct arylation of polyfluoroarenes with aryl iodides have been developed. This reaction can be co-catalyzed by palladium/copper without ligands and exhibits excellent functional group compatibility.
Introduction
Polyfluorobiphenyl structural motifs have found wide applications in medicinal chemistry and material science [1, 2] . Hence, it is of great interest to develop efficient reactions for their synthesis. The most common method for their preparation relies on transition metal-catalyzed cross-coupling of aryl halides with aryl metals [3 -5] . However, this "preactivation" process of coupling partners (preparations of aryl halides and organometallic reagents) suffers from intrinsic drawbacks in terms of atom and step economy. Recently, transition metal-catalyzed direct arylation of aromatic C-H bonds has emerged as a more attractive method to synthesize biaryls [6 -8] . Despite the significant progress in this field, the substrates are mainly limited to directing group-containing arenes and electron-rich heterocycles such as azoles or indoles. In 2006, a significant breakthrough has been made in palladium-catalyzed direct arylation of electron-deficient polyfluoroarene C-H bonds with aryl halides reported by Fagnou [9, 10] . This pioneering work spurred numerous recent investigations in the transition metal-catalyzed transformation of polyfluoroarene C-H bonds, including arylation [11 -23] , alkenylation [24 -29] , alkylation [30] , alkynylation [31] , allylation [32, 33] , trifluoromethylation [34] , amination [35, 36] , borylation [37] , and thiolation [38] .
In 2008, Daugulis developed a general method for the copper-catalyzed arylation of polyfluoroarenes with aryl halides in the presence of phenanthroline [11] . Fagnou in 2010 made further modifications to the arylation of polyfluoroarenes with aryl iodides, in which excellent yields were obtained under mild biphasic conditions at room temperature [17] . Zhang reported palladium-catalyzed direct cross-coupling of polyfluoroarenes with heteroaromatic tosylates [20] . The same group recently reported the palladiumcatalyzed arylation of polyfluoroarenes with aryl iodides using pure water as reaction medium [22] . For these reactions, the ligands containing nitrogen or phosphorus have an important effect on the reaction outcome. The use of ligands was thought to improve the catalytic activity. However, the phosphine ligands are often air-/moisture-sensitive, expensive and difficult to remove from the reaction mixtures. It is desirable to find novel catalytic procedures especially without any ligand for an efficient access to such useful organic products. Herein, we report a ligand-free palladium/copper co-catalyzed direct arylation of polyfluoroarenes with aryl iodides.
Results and Discussion
On the outset of this investigation, we used pentafluorobenzene (1a) and 4-iodotoluene (2a) as model substrates to screen suitable reaction condi- tions. The results are summarized in Table 1 . When Pd(PPh 3 ) 4 and CuI were used as co-catalysts, and K 2 CO 3 as a base, the arylation of 1a took place in DMF at 120 • C under N 2 , albeit in low yield (entry 1). The yields slightly decreased in DMSO and DMA (entries 2 -3). Encouraged by these initial results, we proceeded to optimize the reaction conditions. Other bases, such as K 3 PO 4 , Cs 2 CO 3 , tBuOLi, tBuONa, and tBuOK were tested. It was found that tBuOLi was the most suitable base to promote the reaction with 81 % yield (entries 4 -8). Next, various palladium sources were tested. The reactions also gave comparable yields in the presence of Pd 2 (dba) 3 , while other Pd(II) catalysts failed to improve the course of this reaction (entries 9 -13). Finally, when for comparison the reaction was carried out in the absence of a palladium catalyst, the desired product 3aa was obtained with only 16 % yield (entry 14). The reaction catalyzed by Pd(PPh 3 ) 4 gave only a moderate yield in the absence of CuI (entry 15), but the role of CuI is less clear. The scope of this reaction with respect to aryl iodides was investigated under the optimized conditions. The results are summarized in Table 2 . A series of aryl iodides can be used as arylating reagents for the direct arylation of pentafluorobenzene, affording the desired products in moderate to good yields. The reaction was marginally affected by electronic effects of the substituents of aryl iodides. The substituted aryl iodides bearing electron-deficient groups (entries 8 -12) showed slightly lower reactivity than those bearing electron-rich ones (entries 1 -6). In addition, the substantial steric hindrance of aryl iodides was obvious. Aryl iodides with electron-donating groups in paraposition proceeded smoothly and afforded the corresponding arylation compounds in good yields (entries 1, 4), whereas the reaction with ortho-substituted aryl iodides only gave moderate yields (entries 3, 5). It is particularly noteworthy that the chloro substituent was tolerated in the reaction, which is advantageous for further transformations (entry 12).
To further ascertain the scope of this methodology, the reactions of a variety of polyfluoroarenes with 4-iodotoluene (2a) were investigated under the optimized conditions. The results are summarized in Table 3 . Tetrafluoro-and trifluoroarenes were also found to be efficient for the coupling reaction (entries 2, 3). In addition, 2,3,5,6-tetrafluoroanisole and 2,3,5,6-tetrafluorotoluene smoothly underwent direct arylation with good yields (entries 4, 5), and fluorinated pyridines can also be arylated (entry 6).
A plausible mechanism for the arylation of polyfluoroarenes is proposed in Scheme 1. The oxidative addition between aryl iodides and palladium(0) affords ArPd(II) species A. It is followed by transmetalation with complex B, which is generated from polyfluoroarenes in the presence of CuI and tBuOLi. Reductive elimination occurs from intermediate C to give the arylation product, along with a Pd(0) species to complete the catalytic cycle.
Conclusion
In conclusion, a ligand-free palladium/copper bimetallic catalyst system for the direct arylation of polyfluoroarenes has been developed. This reaction exhibits functional group compatibility with respect to the aryl iodides and polyfluoroarenes. Further studies to expand the substrate scope is currently underway in our laboratory.
Experimental Section
Palladium and copper catalysts and aryl iodides were purchased from Accela ChemBio Co. Ltd. Polyfluoroarenes were purchased from Alfa Aesar China (Tianjin) Co. Ltd.
[D]Chloroform was purchased from Cambridge Isotope Laboratories. All solvents were distilled prior to use. For chromatography, 200 -300 mesh silica gel (Qingdao, China) was employed. 1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were measured on Bruker 400M spectrometers. CDCl 3 was used as solvent with tetramethylsilane (TMS) as internal standard.
General procedure for the arylation of polyfluoroarenes
Aryl iodides (0.5 mmol), polyfluoroarenes (1.5 equiv.), CuI (20 mol-%), Pd(PPh 3 ) 4 (5 mol-%) and tBuOLi (2.0 equiv.) were weighed into a 25 mL Schlenk round bottom flask under nitrogen atmosphere. The system was degassed four times by an oil pump, and then 3 mL DMF was added by a syringe. The resulting solution was stirred at 120 • C under nitrogen. The reaction progress was monitored by GC-MS. After the completion of the reaction, the solution was extracted with ethyl acetate (3 × 10 mL), the extract was washed with H 2 O and brine, dried (MgSO 4 ), and concentrated to dryness. Purification on silica gel (petroleum etherEtOAc, 10 : 1 ∼ 30 : 1) gave the products. Table 2 , entry 1) [17] H). - 13 Table 2 , entry 10) [17] 
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